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Distinct Signals Mediate Maturation and
Allelic Exclusion in Lymphocyte Progenitors
association with the signal-transducing CD3 chains (g,
d, e, and z2). Thymocytes from mice that cannot form a
pre-TCR complex, as a result of defects in the ability to
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recombine germline Vb gene segments, targeted dele-2Departments of Biochemistry and Medicine
tion of the transmembrane portion of Vb, individual CD3(Medical Genetics)
chains, or the pre-Ta chain have greatly reduced thymus3Department of Comparative Medicine
cellularity and either lack, or have a severe reductionHoward Hughes Medical Institute
in, the representation of CD41CD81(DP) thymocytesUniversity of Washington
(see von Boehmer and Fehling, 1997 for review). Intro-Seattle, Washington 98195
duction of a functionally rearranged TCRb transgene4Division of Biology
into recombinase-activating gene±deficient (Rag2/2) orCalifornia Institute of Technology
severe combined immunodeficiency mice restores thy-Pasadena, California 92115
mocyte development to the DP cell stage (Kishi et al.,5Merck Research Laboratories
1991; Shinkai et al., 1993). Careful examination of single-Rahway, New Jersey 07065
cell sorted thymocytes from pre-Ta null mice further
reveals that in the absence of a pre-TCR, allelic exclu-
sion does not occur (Aifantis et al., 1997). Thus, forma-
Summary
tion of the pre-TCR complex signals DN thymocytes to
proliferate, mature to the DP stage, initiate TCRa chain
Successful in-frame rearrangement of immunoglobu-
gene rearrangement, and extinguish rearrangement of
lin heavy chain genes or T cell antigen receptor (TCR) the remaining germline allele of the TCRb chain.
b chain genes in lymphocyte progenitors results in Developing B lymphocytes in the bone marrow and
formation of pre-BCR and pre-TCR complexes. These fetal liver use a similar signaling complex to communi-
complexes signal progenitor cells to mature, expand cate successful juxaposition of Ig heavy chain genes.
in cell number, and suppress further rearrangements In particular, following in-frame VH to DHJH rearrange-at the immunoglobulin heavy chain or TCRb chain loci, ment, the resulting cytoplasmic m chain pairs with the
thereby ensuring allelic exclusion. We used transgenic ªsurrogateº light chains l5 and VpreB and traffics to the
expression of a constitutively active form of c-Raf-1 surface in association with the signal-transducing CD3-
(Raf-CAAX) to demonstrate that activation of the Map like chains Iga and Igb to form the pre-BCR complex.
kinase pathway can stimulate both maturation and Targeted gene disruption of the transmembrane portion
expansion of B and T lymphocytes, even in the absence of m, the recombinase-activating genes Rag1 or Rag2,
of pre-TCR or pre-BCR formation. However, the same Igb, or l5 results in a complete, or near complete, block
Raf signal did not mediate allelic exclusion. We con- in development at the pro-B cell stage (see Karasuyama
clude that maturation of lymphocyte progenitors and et al., 1996 for review). Expression of a transgenic m
allelic exclusion require distinct signals. chain (Spanopoulou et al., 1994; Young et al., 1994)
or a chimeric transgene consisting of the extracellular
domain of m and the cytoplasmic domains of either Iga
Introduction or Igb (Papavasiliou et al., 1995) is sufficient to restore
pre-B cell development on a Rag null background and
Genes encoding variable regions of the T cell antigen to inhibit endogenous VH to DHJH rearrangements (Weaver
receptor (TCR) a and b chains, as well as the B cell et al., 1985) on a wild-type background. Additionally,
antigen receptor (BCR) heavy and light chains, are as- examination of individual pre-B cells from l5-deficient
sembled by somatic recombination of germline seg- mice reveals that allelic exclusion requires the formation
ments (Tonegawa, 1988). These processes take place of pre-BCR complexes (Loffert et al., 1996). These re-
in a highly ordered manner during lymphopoiesis such sults suggest that the pre-BCR complex, like its pre-TCR
that the TCRb chain genes rearrange prior to the TCRa counterpart, stimulates the pro-B to pre-B cell transition
chain genes in thymocytes and the Ig heavy chain genes and mediates allelic exclusion of the Ig heavy chain
rearrange prior to the Ig light chain genes in pro-B cells. locus.
Only cells that have in-frame rearrangements are res- While these and other studies make plain that the
cued from programmed cell death and allowed to enter formation of pre-TCR and pre-BCR complexes plays a
the cell cycle and mature. key role in regulating the development and expansion
In immature CD42CD82(DN) thymocytes, successful of lymphocytes, the signal transduction cascades that
TCRb chain gene rearrangement permits formation of a mediate these effects remain only partially elucidated.
pre-TCR complex that consists of a TCRb chain and In thymocytes, activation of src family protein tyrosine
the disulfide-linked pre-Ta (surrogate alpha) chain in kinases assists in initiating signals from the pre-TCR
complex (see Farrar et al., 1998 for review). For example,
expression of a constitutively active form of Lck (F505)
6 To whom correspondence should be addressed (e-mail: roger_
as a transgene in thymocytes under control of the lckperlmutter@merck.com).
proximal promoter completely extinguishes endoge-7 Present address: Division of Basic Sciences, Fred Hutchinson Can-
nous TCRb chain gene rearrangement (Anderson et al.,cer Research Center, Seattle, Washington 98195 (e-mail: biritani@
u.washington.edu). 1992) and is sufficient to restore thymocyte cellularity
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and maturation to the DP stage of development when
expressed in a recombination-deficient Rag null (Mom-
baerts et al., 1994), pre-Ta null (Fehling et al., 1997), or
CD3e and z double null (Iritani et al., in preparation)
background. Concordant with these findings, thymo-
cytes from mice that express high levels of a dominant-
negative form of Lck in thymocytes recapitulate the
complete developmental block and reduced thymocyte
cell number observed in Rag-deficient thymi (Levin et al.,
1993). Likewise, thymocytes from lck null mice exhibit a
near complete block in development at the DN cell stage
(Molina et al., 1992), while thymocytes from lck/fyn dou-
ble null mice completely lack DP cells (Groves et al.,
1996; van Oers et al., 1996). Hence, Lck, perhaps with
a minor contribution from Fyn, relays all of the signals
normally associated with formation of the pre-TCR com-
plex, including maturation, expansion, and allelic ex-
clusion.
In thymocytes, activation of Lck results in phosphory-
lation of CD3e and z on tyrosine residues located within
the immunoreceptor tyrosine-based activation motifs
(ITAMs) (Nakayama et al., 1989; van Oers et al., 1993).
The syk family protein tyrosine kinases ZAP70 and Syk
bind these phosphorylated ITAMs via their tandem SH2
Figure 1. Expression of Raf-CAAX Transgene in Lymphoid Tissuesdomains (van Oers et al., 1995), facilitating subsequent
Leads to Constitutive Activation of Map Kinase Kinase (MEK)phosphorylation and kinase activation, presumably by
(A) A farnesylation sequence (CAAX) was attached to human c-Raf-1src family kinases (Iwashima et al., 1994; Chan et al.,
by PCR and the resulting construct cloned into the BamHI site of1995). Consistent with the proposed role for syk family the p1026x vector as previously described (Iritani et al., 1997). The
tyrosine kinases in mediating Lck signals during thymo- arrows depict the positions of the 59 and 39 primers utilized to
cyte development, ZAP70/Syk double null thymocytes determine Raf-CAAX transgene expression by RT-PCR.
(B) RT-PCR was performed utilizing primers that amplify from the(but not each null allele separately) arrest at the DN
39 end of Raf-CAAX to the fourth exon of hGX across exon/intronstage (Cheng et al., 1997), suggesting that ZAP70 and
boundaries such that PCR amplification of cDNA generates a differ-Syk mediate at least partially redundant functions down-
ent-sized product than amplification of contaminating genomic DNAstream of the pre-TCR and Lck.
(see Figure 1A). Shown is a photograph of an ethidium bromide±
Studies of mature T cells and thymocytes suggest that stained 1.8% agarose gel following electrophoresis of 10 ml of PCR
ZAP70 and Syk phosphorylate a number of downstream product derived upon amplification of cDNA from bone marrow cells
signaling molecules, including PLCg and the adaptor (BM), splenocytes (Spl), and thymocytes (Thy) from lckEm-Raf-CAAX
transgenic or littermate control mice. PCR amplification of incorpo-proteins Cbl, Vav, LAT, and SLP-76. This results in the
rated transgene-derived cDNA generates a 550 bp product, whilegeneration of multiple second messengers that couple
amplification of contaminating DNA (unspliced vector) would gener-to pathways leading to intracellular calcium release and
ate a 1 kb fragment.
activation of the Ras/Raf/Map kinase kinase(MEK)/MAP (C) Bone marrow cells or thymocytes were resuspended in HBSS
kinase pathway (see Chu et al., 1998 for review). Both and in vitro MEK1 kinase assays performed as previously described
SLP-76-deficient (Clements et al., 1998; Pivniouk et al., (Seger et al., 1994). In vitro kinase reaction products were separated
by 10% SDS-PAGE under reducing conditions, transferred to nitro-1998) and LAT-deficient (Zhang et al., 1999) mice exhibit
cellulose (Hybond-C Extra), and visualized by exposure to radio-a profound block in T cell development at the DN cell
graphic film (X-OmatAR, Kodak). Each assay was performed in dupli-stage, suggesting that adaptor protein function is re-
cate (as shown). Control thymocytes were stimulated with PMA atquired for subsequent propagation of signals from the
100 ng ml21 (last lane) as a positive control for MEK activation.
immature pre-TCR. Interestingly, a SLP-76-like adaptor
protein called BLNK has been recently identified in B
lymphocytes (Fu et al., 1998). Hence, pre-B and B cell
formation, control of Vb or VH gene rearrangment wasreceptor signaling may stimulate a similar pathway initi-
not affected by this transgene. These results suggestated by src family kinases, leading to activation of syk
that allelic exclusion and lymphocyte maturation arefamily kinases that recruit and activate adaptor proteins,
controlled by distinct signaling pathways. Moreover, ourwhich inducibly activate calcium-dependent and Ras-
results demonstrate that cell cycle entry by itself cannotdependent pathways.
explain the normal programmed rearrangement of theThe results described above suggest that activation
TCR and BCR loci.of the Ras/Raf/MEK/MAP kinase cascade serves as a
final common pathway for relaying pre-T- and/or pre-
ResultsBCR-derived signals. To test this conjecture, we gener-
ated transgenic mice (lckEm-Raf-CAAX) that express an
Expression of Raf-CAAX Transgene Resultsactivated version of the serine-threonine kinase c-Raf-1
in Activation of Map Kinase Kinase(Raf-CAAX) in immature B and T lineage cells (Iritani et
Raf-CAAX contains a farnesylation signal (CAAX) at itsal., 1997). Remarkably, although expression of activated
carboxy terminus that directs Raf to membranes, mim-Raf restores both maturation and expansion of B and T
lineage progenitors in the absence of pre-B or pre-TCR icking in part the Ras-mediated events that ordinarily
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Figure 2. Expression of Raf-CAAX Trans-
gene Rescues Thymic Cellularity and Devel-
opment in Rag2 Null Mice
Thymocytes from 5- to 8-week-old F1 prog-
eny of lckEm-Raf-CAAX (line 13037), Rag21/2 3
Rag22/2 mice were analyzed in eight different
experiments for total cellularity and CD4,
CD8, and CD3 expression. Shown is (A) mean
and standard deviation of the total thymocyte
cellularity from animals of each genotype re-
sulting from the above crosses and (B) mean
and standard deviation of the percentage of
thymocytes that express CD4, CD8, and CD3
as determined by flow cytometry. DN, cells
that express neither CD4 nor CD8; DP, cells
that express both CD4 and CD8; LMC, lit-
termate control; Raf-CAAX, lckEmRaf-CAAX;
Rag22/2, recombination-activating gene 2 null.
activate Raf (Stokoe et al., 1994). Raf-CAAX was ex- sion primarily in immature B and T lineage cells (Figures
1A and 1B and Iritani et al., 1997). As shown in Figurepressed under the control of a transcriptional element
consisting of the Ig heavy chain enhancer (Em) and the 1C, expression of Raf-CAAX leads to a modest 3-fold
increase in basal MEK activation in isolated thymocyteslck proximal promoter, which directs transgene expres-
Figure 3. Raf-CAAX Transgene Rescues Thymic Development in Rag2 Null Mice
Thymocytes from 5- to 8-week-old F1 progeny of lckEmRaf-CAAX (line 13037), Rag21/2 3 Rag22/2 mice were analyzed for CD4, CD8, CD3,
and CD25 expression and FSC (forward scatter) by flow cytometry.
(A) Depicted is a model of lymphocyte development based on expression of the surface markers CD4, CD8, CD44, and CD25. DP cells are
smaller on average than DN cells. Rag2 null mice are blocked at the large, CD251CD44lo, double-negative stage of development (Shinkai et
al., 1992).
(B) Thymocytes from mice of the indicated genotype were stained with a combination of FITC-conjugated anti-CD4 and PE-conjugated anti-
CD8. Shown is a two-dimensional dot plot where each dot represents an individual cell from a predefined forward- and side-scatter lymphocyte
gate. The percentage of cells in each quadrant is indicated in the upper right inset.
(C) Purified thymocytes were stained with biotin-conjugated anti-CD25 followed by streptavidin TRICOLOR. Shown is a single-parameter
histogram describing CD25 versus cell number.
(D) Shown is a single-parameter histogram comparing forward scatter, which is a measure of cell size, versus cell number for thymocytes
from mice of the above genotypes. The majority of thymocytes from Rag2 null mice are larger (higher forward scatter) than thymocytes from
littermate control mice, which is an indication of immaturity. Raf-CAAX transgene restores the size of Rag2 null cells to that of littermate
control mice.
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Figure 4. Raf-CAAX Transgene Rescues B
Cell Development in Rag2 Null Mice
Total bone marrow cells from 5- to 8-week-
old F1 progeny of lckEmRaf-CAAX (line
13037), Rag21/2 3 Rag22/2 mice were ana-
lyzed for B220, CD25, CD43, IgM, and HSA
(heat-stable antigen) expression by flow cy-
tometry.
(A) Depicted is a model of B cell development
based on expression of the surface markers
B220, CD43, CD25, HSA, IgM, and IgD (modi-
fied from Hardy et al., 1991). B cell develop-
ment is blocked in Rag2 null mice at the
B2201CD431CD252HSAlo cell stage (Shinkai
et al., 1992).
(B) Total bone marrow cells were stained with
PE-conjugated anti-B220 and FITC-conju-
gated anti-IgM. Shown is a two-dimensional
histogram comparing B220 versus IgM for
cells that fall within a predefined forward- and
side-scatter lymphocyte gate.
(C) Total bone marrow cells were stained with
PE-conjugated anti-B220 and FITC-conju-
gated anti-CD25. Shown is a two-dimensional
histogram comparing B220 versus CD25 ex-
pression on bone marrow cells that fall within
a predefined forward/side-scatter lympho-
cyte gate.
(D) Total bone marrow cells were stained with
FITC-conjugated anti-B220, PE-conjugated
anti-CD43, and biotin-conjugated anti-HSA
followed by streptavidin TRICOLOR. Shown
is a representative single-parameter histo-
gram overlay of HSA expression on cells that
fall within predetermined B2201CD431 and
forward/side-scatter lymphocyte gates.
and bone marrow cells. Importantly, this level of MEK in size, a reflection of maturity and cell cycle exit. Thymo-
cytes from Rag22/2 mice are blocked at the DN, CD251activation by lckEm-Raf-CAAX approximates the maxi-
mal level of MEK activation achieved upon antibody- stage (Figures 3A±3C). As shown in Figures 2B and 3B,
the presence of a constitutive Raf signal in Rag22/2mediated cross-linking of the TCR or BCR with specific
antibodies on isolated mature murine lymphocytes (Swan thymocytes drives maturation from the DN cell compart-
ment to the DP compartment. CD25 expression and cellet al., 1995; Kawauchi et al., 1996; Chan et al., 1997;
DeSilva et al., 1998; data not shown). size as determined by a decrease in forward scatter
characteristics of Rag22/2 Tg1 thymocytes are restored
to values similar to those measured in Rag21/1 Tg1 mice
lckEmRaf-CAAX Transgene Rescues B and T Cell (Figures 3C and 3D). Thus, expression of Raf-CAAX re-
Development in Rag2 Null Mice stores development and expansion of Rag22/2 thymo-
To investigate whether expression of a functional, acti- cytes.
vated Raf kinase can substitute for the presence of pre-B To determine if the MAP kinase (MAPK) pathway also
and pre-TCRs in stimulating lymphocyte development, plays an analogous role in pre-BCR signaling, we ana-
lckEm-Raf-CAAX mice were crossed with mice deficient lyzed bone marrow cells from lckEmRaf-CAAX Tg1
in Rag2, a gene that normally encodes a protein required Rag22/2 mice for cellularity and maturation using sur-
for initiating V(D)J recombination (van Gent et al., 1996). face markers that typify various stages of B cell develop-
Rag22/2 mice cannot form pre-TCRs or pre-BCRs, re- ment. The pre-BCR normally initiates signaling that allows
sulting in a block in development (Figures 3A and 4A). maturation of B220loCD431CD252HSAlo cells (Hardy
As shown in Figure 2A, Rag22/2 mice lack pre-TCR- fraction C; Pre-B-I) to B220loCD431CD251HSAhi cells
mediated expansion, resulting in a 100- to 200-fold re- (Hardy fraction C9; large Pre-B-II) (Figure 4A; Hardy et
duction in thymic cellularity. Expression of Raf-CAAX in al., 1991; Chen et al., 1994; Rolink et al., 1994 for review).
Rag22/2 thymocytes restores thymic cellularity to levels As shown in Figure 4C, CD25 expression on B220lo cells
similar to that observed in nontransgenic, Rag21/1 lit- from Rag22/2 Tg1 cells is restored to levels similar to that
termate control mice. Hence, activation of Raf appears of B220lo cells from Rag21/1 Tg1 mice by the presence of
to be sufficient to deliver the proliferative signals nor- the lckEm-Raf-CAAX transgene. In addition, essentially
mally associated with pre-TCR signaling. Prothymo- all of the B2201CD431 pre-B cells from Rag22/2 Tg1
cytes that receive a pre-TCR signal normally transit from mice express high levels of HSA (Figure 4D) and are
the DN, CD251 compartment to the DP, CD252 compart- smaller on average than cells from Rag22/2 Tg2 mice
(data not shown). Taken together, these results indicatement (Figure 3A). In addition, these cells become smaller
Raf Requirement during Lymphopoiesis
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that Raf-CAAX can, by itself, substitute for the presence
of a pre-BCR signal during B cell maturation.
lckEmRaf-CAAX Transgene Does Not Arrest
Vb or VH Gene Rearrangement
in Lymphocyte Progenitors
The above results suggest that the Ras/Raf/MEK/MAPK
pathway can stimulate maturation and expansion in both
pre-T and pre-B cell receptor-responsive progenitors.
To test whether activation of the MAPK pathway is suffi-
cient to mediate allelic exclusion in T and B cell progeni-
tors, we used a PCR-based DNA rearrangement assay
previously described for both TCR Vb rearrangement
(Anderson et al., 1992) and Ig VH rearrangement (Schlis-
sel et al., 1991) to determine the recombination status
of the TCRb or Ig heavy chain loci in transgenic and
control lymphocytes (Figure 5A). As shown in Figure 5B,
lane 3, amplification of thymus DNA from transgenic
mice expressing moderate levels of activated p56lck
(LckF505) (Abraham et al., 1991a, 1991b) reveals that
Vb to DbJb rearrangement is nearly completely extin-
guished for three Vb families (Vb5, Vb8, Vb11), as has
been previously shown, while Db to Jb joining remains
unperturbed (Anderson et al., 1992). These results, in
conjunction with previous studies reviewed above, con-
firm that activation of Lck can mimic all of the signals
Figure 5. Raf-CAAX Transgene Does Not Mediate Allelic Exclusionnormally initiated by the pre-TCR. Surprisingly, Vb to
in B and T Lymphocyte Progenitors
DbJb rearrangements are not affected by expression of
(A) Schematic representation of DNA PCR strategy. The positionsRaf-CAAX (Figure 5B, lane 2), despite the ability of Raf-
of oligonucleotide primers used in amplification of TCRb (left) and
CAAX to drive maturation and expansion of Rag22/2 Ig heavy chain (right) rearrangements are shown by arrowheads,
thymocytes. These results suggest that the MAPK path- and the positions of hybridization probes are indicated by open
bars.way communicates pre-TCR signals for maturation and
(B) Shown is a blot hybridization of PCR products derived fromexpansion but not allelic exclusion.
amplification of thymocyte DNA using the Jb2 39 primer with Db2To test whether the MAPK pathway mediates allelic
(top), Vb5 (second below), Vb8 (third below), and Vb11 (fourth below).exclusion in B cell progenitors, we performed PCR on
Ef1a was amplified as a control for loading of template (bottom).
DNA isolated from sorted B2201CD431 bone marrow± Filters were probed with the Jb2-specific probe depicted in (A). The
derived pro- and pre-B cells from either lckEmRaf-CAAX sources of total thymocyte DNA are depicted at the top of each
lane, and the positions of Db-Jb and Vb-Jb rearrangements aremice, Ig anti-hen egg lysozyme (HEL) transgenic mice
located at the right side of the lanes.(Goodnow et al., 1988), or littermate control mice. As
(C) Shown is a blot hybridization of PCR products derived fromhas been shown by others (Goodnow et al., 1988), ex-
amplification of DNA from sorted B2201CD431 Pro-B/Pre-B cellspression of a functionally rearranged Ig heavy chain in
using the DH primer and JH4 39 primer with the DH primer (top), VH7183
pro-B cells mimics pre-B cell receptor formation, re- (second below), VHQ52 (third below), VHJ558 (fourth below). Ef1a
sulting in suppression of endogenous heavy chain gene was amplified as a control for loading (bottom). Filters were probed
with JH3-specific probe depicted in (A). The sources of pro-B/pre-Brearrangement at the level of VH to DHJH rearrangement.
cell DNA are indicated above each lane, and the positions of DH-JHPre-B cells from HEL transgenic mice, which express a
and VH-JH rearrangements are depicted to the right of the lanes.membrane-bound form of Ig, complete DH to JH re-
arrangement at levels equivalent to those of control
mice, while VH to DHJH rearrangement is essentially com-
Hardy fraction C9 (Pre-B-II) cells, which are generatedpletely blocked (Figure 5C, lane 3, and Goodnow et al.,
following formation of the pre-BCR, show a more diverse1988). In contrast, VH to DHJH joining is unperturbed in
IgH repertoire biased toward VHJ558 among the func-pre-B cells from transgenic mice that express Raf-CAAX
tionally rearranged alleles (Figure 5C, lane 1, and Kara-(Figure 5C, lane 2). Hence, although Raf-CAAX satisfac-
suyama et al., 1996). This ªVH selection process,º medi-torily replaces pre-T and pre-B cell receptor signals re-
ated by formation of the pre-BCR, has been attributedquired for maturation of immature lymphoid progenitors,
to the inability of the majority of DH-proximal VH genethe same signal is not conveyed to the nucleus to arrest
families to pair with surrogate light chains and thus formgene rearrangement.
a pre-BCR. It could be inferred that one function of theRecent evidence suggests that the pre-B cell receptor
pre-BCR is to select for pre-B cells that bear VH genealso plays a role in the diversification of the IgH reper-
families that can potentially pair with the Ig light chaintoire. For example, early cytoplasmic c-kit1 mH chain1
before giving an expansion signal. Interestingly, Raf-Hardy fraction C (Pre-B-I) cells from normal mice and
CAAX-expressing pre-B cells exhibit a repertoire biasedpre-B cells from mice deficient in l5 (ten Boekel et al.,
toward VH7183 and VHQ52 (Figure 5C, lane 2), gene fami-1997) utilize VH genes biased toward DH-proximal VH
gene families VH7183 and VHQ52. However, large, c-kit2 lies that are normally only found at high levels in pro-B
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mutated to glutamic acid, thus mimicking the charge
alteration normally associated with phosphorylation.
Furthermore, MEK1DLN3, S118, 122E has a deletion of amino
acids 32 to 51. Together, these alterations result in con-
stitutive activation of the mutant kinase (Mansour et al.,
1994). As shown in Figure 6A, expression of the lck-
MEK-AC Tg results in maximal MEK activity relative to
that achieved by treatment of normal thymocytes with
PMA (Figure 1C and data not shown). Expression of high
levels of MEK1DLN3, S118, 122E invariably results in transfor-
mation of thymocytes, usually by 12 weeks of age (data
not shown). Thymic development in younger mice (,6
weeks of age) is relatively normal, other than a slight
increase in CD4 and CD8 single positive thymocytes
(Figure 6B), consistent with the suggested role of the
MAPK pathway in mediating positive selection (Alber-
ola-Ila et al., 1995; Swan et al., 1995; Sharp et al., 1997).
Notably, despite supraphysiologic activation of MEK,
Vb to DbJb rearrangement proceeds unimpaired in lck-
MEK-AC transgenic thymocytes (Figure 6C, lane 2).
Hence, we conclude that maturation/expansion and al-
lelic exclusion are indeed controlled by distinct signaling
pathways, both of which respond to p56lck.
Discussion
Activation of the Ras/Raf/MEK/MAPK PathwayFigure 6. Maximal Activation of Map Kinase Kinase in Thymocytes
Does Not Suppress Vb Rearrangement Controls Maturation and Expansion
(A) Thymocytes from lck-MEK-AC and littermate control mice were of Lymphocyte Progenitors
resuspended in HBSS and in vitro MEK1 kinase assays performed In conjunction with previous studies by others (reviewed
as previously described (Seger et al., 1994). above), our results help to frame the signaling pathways
(B) Thymocytes from 6-week-old lck-MEK-AC Tg and littermate con- that communicate pre-TCR and pre-BCR formation to
trol mice were analyzed for CD4 and CD8 expression by flow cytom-
the nucleus. These processes initiate via activation ofetry (see Experimental Procedures).
protein tyrosine kinases that are known to couple to the(C) DNA PCR was performed on total thymocytes from lck-MEK-AC
Tg, littermate control, and LckF505 Tg mice as previously described mature TCR (p56lck, p70ZAP, and p72Syk) or mature BCR
(Figure 5B and Experimental Procedures). Shown is a blot hybridiza- (p72Syk) complexes, followed by the recruitment and acti-
tion of PCR products derived from amplification of thymocyte DNA vation of adaptor proteins such as LAT and SLP76 in
from the above genotypes. thymocytes and BLNK in B cells. Recruitment of adaptor
proteins allows further coupling and activation of down-
stream pathways such as Ca11-dependent pathwayscells and neonates (Perlmutter et al., 1985). Furthermore,
the representation of IgM-expressing immature B cells via recruitment of PLCg and the Ras/Raf pathway via
recruitment of Grb2 and PKC. Activation of the Ras/Raf/is significantly reduced in lckEmRaf-CAAX mice (Figure
4B), consistent with the fact that the Raf-CAAX trans- MEK pathway stimulates cell cycle entry and differentia-
tion. Consistent with this model, previous studies dem-gene rescues pre-B cells that bear DH-proximal VH heavy
chains, those that pair poorly with Ig light chains. Taken onstrate that activation of Ras and MEK plays a crucial
role downstream of the pre-T cell receptor. For instance,together, these results reinforce the conclusion that Raf-
CAAX delivers a pre-BCR-like signal in the absence of introduction of an activated Ras gene into Rag2 null
blastocysts results in the rescue of thymocyte cellularityformation of the pre-BCR itself but does not alter the
nuclear substrate for gene rearrangements. and the appearance of DP cells (Swat et al., 1996) and
can also stimulate pre-B cell maturation (Shaw et al.,
1999). Furthermore, expression of a dominant-negativeMaximal Activation of the Map Kinase Pathway
Does Not Influence Vb Rearrangement mutant of MEK utilizing retrovirus-mediated gene trans-
fer in fetal thymocytes results in a perturbation of the DNIt is formally possible that the observed disparity be-
tween the ability of the LckF505 Tg and the Raf-CAAX Tg to to DP cell transition, while expression of a constitutively
active mutant results in stimulation of DP cell develop-extinguish V to DJ rearrangement reflects a quantitative
difference in the ability of the different transgenes to ment (Crompton et al., 1996). Inhibition of another Ras
effector molecule called Rho results in slight impairmentactivate MEK, rather than a qualitative difference in the
type of signal transduction pathways activated by each of the DN to DP cell transition and thymocyte expansion,
suggesting that Rho may function to relay pre-TCR sig-transgene. To address this issue, we generated trans-
genic mice that express high levels of a constitutively nals for maturation and expansion (Henning and Can-
trell, 1998). Finally, both SLP-76-deficient (Yablonski etactive form of MEK1DLN3, S118, 122E under control of the lck
proximal promoter (MEK-AC Tg). This form of MEK1 has al., 1998) and LAT-deficient (Finco et al., 1998) T cell
lines fail to activate the Ras pathway, and mice deficientthe two serines that are normally phosphorylated by Raf
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in these proteins manifest specific blocks in thymocyte transcription factors that could relay Raf signals to the
nucleus. However, gene disruption experiments havedevelopment at the DN cell stage.
Our finding that Raf activation mimics pre-BCR signal- not revealed essential roles for any of these factors
during pre-TCR- or pre-BCR-dependent T and B celling in the absence of pre-BCR formation is consistent
with previous observations that pre-TCR and pre-BCR development, although earlier hematopoietic effects
have been noted (Johnson et al., 1992, 1993; Scott etsignaling machines proceed via analogous mecha-
nisms. We reinforce this notion by demonstrating that al., 1994, 1997; Bories et al., 1995; Barton et al., 1996,
1998; Yamamoto et al., 1998). Recently, the transcriptionthe VH repertoire remains immature in sorted pre-B cells
from lckEmRaf-CAAX mice, a result that strongly sug- factor c-Myc has also been implicated as a mediator of
Raf signals (Zou et al., 1997; Kerkhoff et al., 1998), andgests that expression of Raf-CAAX replaces the pre-
BCR signal rather than amplifies an existing pre-BCR c-myc expression is upregulated considerably in thymo-
cytes and pre-B cells following pre-TCR- (Feder et al.,signal. If the latter were the case, then one would expect
an expanded repertoire of cells biased toward the 1990; Broussard-Diehl et al., 1996) or pre-BCR- (see
Melchers, 1997 for review) dependent developmentalVHJ558 family in lckEmRaf-CAAX mice. While activation
of the MAPK pathway seems to mediate both pre-BCR transitions. Thus, c-Myc may well participate in relaying
Raf signals directing lymphocyte maturation.and pre-TCR signals for maturation and expansion, the
more proximal elements of the pre-BCR signaling com-
plex remain elusive. For example, pre-BCR-dependent
Cell Cycle Entry Does Not Terminatedevelopment is not affected in mice deficient in expres-
Gene Rearrangementsion of the src family kinases Fyn (Appleby et al., 1992;
The phenomenon of allelic exclusion remains poorly un-Stein et al., 1992), Lyn (Hibbs et al., 1995; Nishizumi et
derstood. In both B and T cell progenitors, allelic exclu-al., 1995), or Lck (Molina et al., 1992). Since Fyn can
sion occurs concurrently with maturation and expansion,substitute to some extent for deficient Lck in thymocyte
suggesting that these processes are linked. Indeed, ear-development, we assume that this sort of contextual
lier studies suggested that cell cycle entry might mediateredundancy could be masking an essential role for src
allelic exclusion (Schlissel et al., 1993; Desiderio et al.,kinase(s) in pre-BCR signaling. Importantly, while devel-
1996), possibly by a mechanism involving transient Ragoping B cells do not express ZAP70, they do express
gene reexpression and protein degradation (Lin and De-Syk; B cell development in Syk null mice is arrested at
siderio, 1993; Li et al., 1996). Using the lckEm-Raf-CAAXthe pro-B cell stage, and allelic exclusion is impaired
transgene to stimulate lymphoid development, we have(Cheng et al., 1995; Turner et al., 1995). These results
demonstrated that maturation and expansion of lym-suggest that following pre-BCR formation, Syk may
phocyte progenitors can occur independently of allelicserve functions similar to those mediated by Syk and
exclusion, suggesting that these events are indeed dis-ZAP70 together in immature thymocytes. It remains to
tinct. Furthermore, our studies clearly indicate that en-be determined whether the recently identified B cell
tering and exiting the cell cycle upon receiving a pre-adaptor BLNK communicates Syk signals to Raf follow-
TCR-like signal does not necessarily suppress Vb geneing pre-BCR formation. The generation of BLNK null
rearrangement, even upon receiving MAPK-dependentmice will help address this question.
signals potent enough to initiate transformation. TheWhile the studies described above strongly support
ability of transgene-encoded p56lck to deliver signalsa role for the Ras/Raf/MEK/Map kinase cascade in pre-
leading to both thymocyte expansion and the suppres-TCR and pre-BCR signaling, some inconsistencies exist.
sion of Vb gene rearrangement, while Raf stimulatesWe and others had previously shown that expression
only the former response, documents an intriguing bifur-of dominant-negative forms of Ras (H-rasN17) (Swan et
cation in the pre-BCR and pre-TCR signal transductional., 1995), Raf (O'Shea et al., 1996), and MEK1 (Alberola-
pathways. Furthermore, this system provides a usefulIla et al., 1995) under control of the p1017 vector (lck
tool whereby the mystery of allelic exclusion may beproximal promoter) blocks positive selection of thymo-
revealed. By comparing the differences between thecytes while leaving pre-T cell receptor signaling intact.
ability of LckF505 Tg and either Raf-CAAX Tg (FigureSince studies by Owen and colleagues using a retroviral
5B) or MEK-AC Tg (Figure 6C) to extinguish Vb genesystem have implicated the Ras/Raf/MEK kinase cas-
rearrangement, it should be possible to identify mole-cade in pre-TCR signaling (e.g., Crompton et al., 1996),
cules that are differentially expressed in the two sys-we suspect that a requirement for very high level, early
tems, molecules that may play a role in regulating chro-expression of the dominant-negative transgene exists
matin dynamics. Elucidation of the signaling processand that this requirement is not met in most p1017-
that mediates the accessibility of Vb and VH gene seg-bearing founders. In contrast, activated transgenes, es-
ments could provide more general insights into the con-pecially Raf-CAAX, yield phenotypes even when expres-
trol of hematopoietic cell development.sion levels are comparatively low.
How Does Raf Activation Mediate Maturation Experimental Procedures
and Expansion?
Expression Constructs and Transgenic Mouse GenerationThe only well-defined substrate for Raf is MEK, the ser-
lckEm-Raf-CAAX (13037 line) and LckF505 (pLGF) transgenic miceine/threonine kinase that phosphorylates and activates
were generated as previously described (Abraham et al., 1991; Iritani
MAPK. Among MAPK substrates are numerous tran- et al., 1997). lck-MEK-AC transgenic mice were generated by in-
scription factors, including ATF2, Elk-1, Ets, c-Fos, and serting a constitutively active MEK mutant (MEK1DLN3, S118, 122E) (Man-
sour et al., 1994) into the p1017 vector. Pronuclei injections andc-Jun. Any or all of these are attractive candidates for
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propagation of lck-MEK-AC mice were performed as previously de- substrate was visualized upon exposure of the filter to radiographic
film (X-Omat AR, Eastman Kodak Co., Rochester, NY) for 12 hr.scribed. Rag2 null mice were kindly provided by Dr. Fred Alt (see
Shinkai et al., 1992). HEL-Ig transgenic mice were kindly provided
by Dr. Christopher Goodnow (Goodnow et al., 1988). Mice were
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